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Abstract

This paper presents a new model of the the transgenperature at a point situated at a
distanced of the heating wire, in a parallel hot wire measoent device. A preliminary
theoretical study shows the limits of the estimatimethod proposed by the standard
ISO8894-2. First, we proposed an optimal processiathod, based on the model used in the
standard, to improve the estimation of the therooalductivity. Then, a new model based on
the quadrupolar formalism is developed, it takés account: the mass and the radius of the
heating wire, the thermal contact resistance baiviee heating wire and the sample and the
mass of the thermocouple. A theoretical study shdwved this model enables a precise
estimation of the thermal conductivity of a largage of materials and that it makes also
possible to obtain an estimation of the volume lecagicity. An experimental study has been
realized using a very low density material (polyshe withp = 15kgm™3) at ambient
temperature and a reference material (Silcal 1HdGemperatures varying from 200°C to
1000°C to validate the results of the theoretitadlg. Compared to known thermal properties
of these two materials, the thermal conductivitys\eatimated with a deviation lower than 3.4
% and the volume heat capacity was estimated wavaation lower than 10%.

1. Introduction

A variant of the hot wire method consists in placim the medium to characterize a
thermocouple parallel to the heating wire and tmore its temperature. The measurement of
this temperature makes it possible to estimatettieemal conductivity and the thermal
diffusivity of the medium. This transient methodled the parallel hot wire method was the
object of the standard ISO 8894-2 [1] concerning tetermination of the thermal
conductivity of refractory materials.

The device of the parallel hot wire associated wta estimation method defined by the
standard was used to characterize various typesatérials among them: refractories [2-3],
polymers [4], soils [5] and insulating material$. [6

" Corresponding author. Tel: + 33 372 74 43 08. Brraddress :yves.jannot@univ-
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The model used by the standard is based on thdifsiimg hypothesis that the radius of the
heating wire is null. Hakansson et al [7] took iattcount the variation of the supply power
that may be negligible if the temperature coefhti®f the electrical resistance is low.
Pettersson [8] studied the influence of the thermoalductivity of the wire and concluded that
it has no influence on the estimation of the thémmpaductivity. Grazzini et al [9] proposed a
model taking into account the heating wire radind the thermal contact resistance, leading
to an analytical expression of Laplace transfégfp) of the temperature risg(t) of the
thermocouple. Nevertheless, some approximationsnaessary to obtain an analytical
expression off.(t) and these authors conclude that their model detsprovide better
estimation of the thermal conductivity than the @ifired model (heating wire with a null
radius).

Furthermore, one can notice that the thermal capa€ithe thermocouple was never taken
into account in all the previously cited models.

Some studies based on numerical simulations hace den realized to estimate the time
limit for the validity of the semi-infinite mediurhypothesis (always considered in the hot
wire methods) [10], [11], [12].

The aim of this paper is to propose a more compiedrupolar analytical model and to
estimate the error caused by the simplified modelduin the standard, for various types of
materials. The presented model takes into accéuntadius and the thermal capacity of the
heating wire, the thermal contact resistances l@tvtiee heating wire and the sample on one
hand and between the thermocouple and the sampleearther hand, as well as the thermal
capacity of the thermocouple. It will be shown ttta analysis of the residues of estimation
makes it possible to determine easily the timetlwhivalidity of the hypothesis of the semi-
infinite medium. An experimental study realizedtaro reference materials will validate the
results of the theoretical study

2. Models

The schematic diagram of the method is presentédure 1.

Figure 1: Schematic diagram of the parallel hotevmethod
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A resistive wire with a radius, is inserted in a groove realized on the surfacéhefoottom
sample. A thermocouple is inserted in another geomalized at the surface of the same
sample at distanag of the heating wire. A second sample with the sangnsions as the
bottom sample is then placed on it.

Quadrupolar model
A guadrupolar model M1 will now be developed coesidg the following hypotheses:

- The samples are semi-infinite

- The heating wire and the thermal contact resistaeteeen the wire and the samples are
taken into account

- The thermocouple is not taken into account: thentlaéproperties of the sample and of the
thermocouple are the same and the thermal comsistances between the thermocouple
and the samples are negligible.

- The sample is optically thick

One can write the following quadrupolar relatioB][between the heating wire and a point in
the solid at a distana&from the wire:

1RASBSHd 4 B [0
[“’Wl‘[c ol HE o) [9; ¢ ol Z @
With:
A, =1
B. = 1 IO(quW)_ 1

S

2w Lqwrw I1(qwTw) PwCwTTyw2Lp

Cw = pWCWT[TWZLp
_ Qw'w Io(qwrw)
DW T2 L (qwrw)

As = q5d[K1(qsd o (qsmin) + Ko (qsm)11(qsd)]
2 AL [KO(qer)IO(qsd) KO(qsd)IO(CIsrw)]

Cs - ZHLPSCST dp[Kl(qs W)Il(QSd) - Kl(Qsd)Il(qsrw)]
Ds = qsrwlK1(qstwn)lo(qsd) + Ko(qsd)11(gsmiy)]

1 K1(qsd)
SRR I P -

Where:

6, Laplace transform of the temperature rise of tive w

04 Laplace transform of the temperature rise at @dced in the solid
Iy, I, Ky, K; modified Bessel function of the first and secomtdk

Aw thermal conductivity of the heating wire

pwCw Volume heat capacity of the heating wire

a,, thermal diffusivity of the heating wire

L length of the heating wire

Ty radius of the heating wire

mw
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d distance between the heating wire and the theraopmeo

Ag thermal conductivity of the sample

psCs volume heat capacity of the sample

ag thermal diffusivity of the sample

R, thermal contact resistance between the heatirgyamd the sample

p Laplace parameter

¢,  Heat flow rate in the heating wire

Then:

Pw __ 2

Lo — (c+2)6q @)
ow

And finally: 6,(p) = 55 (3)
C+E

with:

Cc =A,C, +C,(C,R.+D,) 4)

D = B.C,, + D;(C,R. + D,,) (5)

If the thermal resistance of the heating wire caméglected, relation (3) becomes:

o1 Kolasd)

PwCwTtTw 2D Ko(qstw)+2mAqsry [1+pwewmry2pReLIK: (qsTw)

ba(p) = (6)

Relation (6) is identical to the one given by Grazet al [9].

Case where the thermocouple properties are veigreift from those of the samples

In this case, one can no longer consider that hkeentocouple’s properties are identical to
those of the material to characterize. If we alsnstder the simplifying hypothesis that the
temperature field in the sample close to the theouple is not modified by the
thermocouple, the Laplace transfofg{p) of the temperature risg(t) at a distancd from
the heating wire can always be calculated usiragicel (3).

Since the thermocouple does not produce any He@i(n) is the Laplace transform of the
mean temperature of the thermocouple, one can {izfe

6:1 _ [Ae Bt] 1 R, [ed]

[0]_ C: Dedlo 1] (O (7)
Where:

A B, :

[Ct Dt] is the quadrupolar matrix of the thermocouple

®d, is the Laplace transform of the heat flow rata distancel from the heating wire.
R; is the thermal contact resistance between thentb@uple and the sample.
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Neglecting the thermal resistance of the thermoleoupaterial compared to the thermal
contact resistance between the thermocouple ands#meple (hypothesis of uniform
temperature), one can write:

At=1;Bt=0;Ct=ptCtTL’Tt2Lp;Dt=1 (8)

Wherer, is the radius of the thermocoupleis its length, p; is its density and; its specific
heat.

Then, the relation (7) leads to the model that weoall M2:

0, (p) = 242l ©)

1+Cep
Where C, = p.c,mr:%L R, can be considered as a time constant (s).
Model used in the standard | SO 8894-2

The model used in the standard ISO 8894-2 (thatwillecall MO) is an approximation
calculated for a heating wire having a null radiyg, = 0). One can use the limited
developments of the Bessel functions in the vigioitzero:

Ko(x) ~ —In(x) ; Ky () = =5 o(x) = 15, (x) = 2 (10)

Hence:

Considering these approximations:

C = A,C,, + Cs(C,R, + D,,) = C; (11)
and:

D = B,C,, + D;(C,,R, + D,,) = D (12)
Thus:

Cs = 2mLpscsty dplKi (qsmw)11(qsd) — K1(qsd)11(qsy)] = 2mLy Aspscsd\/gll(qsd) (13)

Ds = qsty [Kl(qsrw)IO(CIsd) + KO(Qsd)Il(qsrw)] = Io(qsd) (14)
So that:

D Kq(qsd)
C+s= 2nLy[Aspscsdyply (gsd) + Zn/qud%IO(qsd) (15)
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2mAL

C +§ — ZﬂLMd\/E [Il(CIsd)KO(CIsd)‘l'Kl(QSd) IO(Qsd)] —

Ko(qsd) Ko(qsd)

Ko(qsd)

; — Pw
We haveb,(p) = vy

According to Carslaw and Jaeger [14]:
Lt [% Ko(xﬁ)] = % fé% du

with: — E;(y) = f;% du

d

5 (i)

WherekE; is the exponential integral

Pw
4T AL

Thus:T:(t) = —

(16)

(17)

(18)

(19

(20)

This solution was given by Carslaw and Jaeger [it4}as deducted from the temperature
field in a semi-infinite medium in which a heatloate step is applied on a line.

Figure 2 shows the temperature simulated usingelagions (3) and (20). The value of the
temperature calculated by the relation (20) (sted)das always lower than the value
calculated by the quadrupolar model. The two modets/erge for long times. Table 1 gives

the parameters values used for the simulation

Table 1: Values of the parameters used for thelsiions in figure 2

Tw Ay PwCw d As PsCs R,
mm|WnmnKIm*K? [mm[{wmik | ImPK? | Kw?
Figure 2a)| 0.25| 11.3 3.78 x 10° | 5 0.1 5x10° | 3.5
Figure 2b)| 0.25| 11.3 3.78 x 10° | 5 0.2 5x10° | 3.5
| [ [ [ [ [ [ [ [ [ 25 : : . . . T T
o~ ] I I A
4~ — —|==+Norm | — — [l il g e e oL - :S:i:rupole 77:777:777\77 ‘ 77:777:777
LI A k. N I S I N
SNV AR B VAREEEEEEE

t(s)

t(s)

Figure 2: Temperature of the thermocouple simulatétl the model of the standard and with
the quadrupolar model: 2a); = 0.1 Wm 1K 1; 2b)A, = 0.2Wm 1 K™?

3. Parameters estimation

Quadrupolar models (M1 and M2)
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The thermal properties of the resistive heatingevdre supposed to be known so that the
unknowns are the thermal conductivityand volume capacity,c, of the samples and the
thermal contact resistan& between the heating wire and the samples. Thedonstant,

can be added as an unknown parameter if the saimglmal properties are very different
from those of the thermocouple.

The temperature risk (t) can be calculated by an inverse Laplace transépptied tod, (p)
realized by using the De Hoog algorithm [15]. Thevénberg-Marquart algorithm [16] is
used to find the values of the unknown parameteas minimize the sum of the quadratic
errors:

S = Br [Ty (O = Topoa®] (21)

The parameters,, p;c; andR,. must be estimated in the model M1 and the parasgte
psCs, R, andC; must be estimated in the model M2.

Standard ISO 8894-2 (Model M0)

We haveT,(2t) = — —2¥_ E, ( a’ ) (22)

4mAgL 8agt

T(2t) _ Ei(sizt) _E(3)
T g (L) E@

Thus:U = (23)

2

d
Where:u =
4agt

5 (2)

Ei(u)

For each value oft one can calculat&;(u) andU =

fIU =i§) can be plotted and modelled. We have identifiegl filllowing polynomial

. Thus the functiorE;(u) =

E;(w)

function which enables its calculation with a psgmn better than 1%:
E;(w) = ag+ a U + a,U? + azU3 + a,U* + asU® + agU® + a,U7 (24)

ap = 474.926168472597

a, = —1574.223079517534

a, = 2262.705889755608

a; = —1816.820318813171

a, = 877.286213344994

as = —254.261946376719

ae = 40.904415135482

a, = —2.815400284900

The principle of the method is the following:

- The temperature risk is recorded during a tiniét,
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- TheratioU = 7;(_(2;)) is calculated for each time value comprised initiberval [Otf]
t

- One can deducg; (u = %) from relation (24) theid; is obtained using the

relation:

— ___Pw ) d?
As = 47L Te(t) E; (4a5t)

The calculation must be done on a time intervalretiiee hypotheses (negligible mass of the
heating wire and semi-infinite medium) are valice will see further how this time interval
can be determined.

(25)

When applying the standard ISO 88944u) is deduced frond/ = 7;{((2;))
t

a table of numerical values. The use of relatiaf) {2 more convenient.

by interpolation in

Comparison of the models

To evaluate the precision of the estimations basethe two models we have realized 2D
numerical simulations of the system representefigire 1 with COMSOL. The following
boundary conditions have been considered:

- The temperature on the unheated face of the sansplesform and constant
- The heat losses coefficient on the lateral facdh@bamples is = 20 W m 2K 1.

The following properties have also been considered:

- The heating wire with a 0.5 mm diameter is madliokel Chromium 80/20.

- The thermocouple with a 0.5 mm diameter has theestmarmal properties as the
heating wire

- The heating wire and the thermocouple are placegtdoves with a 0.% 0.5 mnf
square section filled with still air.

The simulations have been realized with the theprgerties given in the table 2:

Table 2: Thermal properties used for the COMSOLusitions

Material A pc
W mtK?[J kg m?
Air [17] 0.026 1.30x10°
NiCr 80/20 [18] 11.3 3.78<10°
Quartzel felt® [19] | 0.035 2.04x10
Silcal 110@® [20] | 0.12 2.50x10°
LUX500® [21] 0.22 7.70<10°
NorFoan® [22] 0.75 7.00x10°

The COMSOL simulations have been realized usingdtheensions defined by the standard:

8
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the sample dimensions are 200 x 100 x 50 mm amditttance between the heating wire and
the thermocouple id = 15 mm. The standard recommends considering the valugheof

thermal conductivity calculated for the values o tatio% between 1.5 and 2.4, provided
t

that the maximum deviation from the mean valuewsar than 5%.

The simulated curves have been considered as mahexperiments and processed using the
three estimation methods to estimate:

- The values ofig, pscs andR, with the quadrupolar model M1.
- The values ofig, pscs, R, andC; with the quadrupolar model M2.
- Acurvei, = f(t) with the model MO (standard) enabling the estioratif a mean value.

The estimation time interval for the quadrupolardels M1 and M2 has been adjusted so that
the mean value of the estimation residues is mdl that the residues are centered on zero.
The results are presented in table 3.

The limit of validity of the semi-infinite mediumypothesis appears very clearly on curve of
residues even for the lightest material (Quartaélgn the estimation is realized by using the
model M2 (cf. figure 3b). This limit cannot be defd with the same accuracy when we use
the model M1 for Quartzel since the residues aodlang around the null value (cf. figure
3a). Compared to reference values, the valueseofirmal conductivity estimated with the
model M2 present a maximum deviation of 2.3% foa@zel while it reaches 12.2% with the
model M1. This deviation compared with the refeeemalues is lower than 1 % with models
M1 and M2 for the 3 other materials, and residugaioed with both models are identical as
shown in figure 3c) and 3d).

Table 3: Estimated values of the parameters fronMSOL numerical experiments with
samples dimensions 260100x 50 mn? andd = 15 mm.

Quartzel Silcal 1100 LUX 500| Norfoam
tostimation s 150 500 400 200
A W m'K?*| 0.027 0.116 0.219 0.74
MO (Standard) (s = Aeyey)i2| % 228 | 3.3 09 | 12
re
A W m'K?'[ 0.0307] 0.119 0.22 0.75
M1 PsCs kIm*K*| 22.2 253 775 704
(/15 _ ASM)M % -12.2 0.8 0 0
As W m'K*| 0.0358| 0.119 0.221 0.75
M2 PsCs kI m*K*| 20.7 253 770 704
(,15 _ ﬂsref)/ﬂ % 2.3 0.8 0.5 0
ref | Asyes W m*K*[ 0.035 0.12 0.22 0.75
ererence valugs
(PsC)rey | KIMK?| 20.4 250 770 700
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Quartzel (Model M1)

Quartzel (Model M2)
10, T T T

10,

T (°C)

|

|

| |
| |
| |
| |
1 1 1 1

0 50 100 150 200 250 300 350 400

t(s)
Silcal 1100 (Model M1)

T (°C)
T (°C)

I S I . 11 |
o 100 200 300 Residuesx10 700 800 900 1000
L)

Figure 3: COMSOL simulations--, quadrupolar model ) and residuesl0 for two
materials

The application of the method of the standard lgadtess precise results and always to
underestimated values. The value obtained befaae ttie hypothesis of the semi-infinite
medium is no longer valid (situated in the rectanigl dotted lines on the figure 4) is more

precise than the average value calculated betweewnalues 1.5 and 2.4 of the ratgé((zt—t))
t

(estimation method recommended by the standard}. fEmark is justified by the fact that
the approximation of the standard neglects theifgeatire mass and radius, it is thus more
precise for long times (cf. figure 2). Furthermdigure 4 shows that the change of slope of

the curvel = f [M] OCcCurs in every case 322 ~ 1.6,
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LUX500 Norfoam
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Figure 4: Thermal conductivity of the four matesastimated with the method of the
standard 1SO 8894-2 with sample dimensions 200 x50 mni andd = 15 mm.

The standard method does not enable an accurateagsh of the thermal conductivity of
low density materials such as Quartzel. The esiimaérror can reach 20 % for these
materials.

The standard lays down a distande= 15 mm between the heating wire and the
thermocouple. To test the influence of this distaoo the precision of the estimation we have
realized the same study but with a distance reduceld= 5 mm enabling to use thinner
samples; we chose a sample thickness of 30 mm.

Figure 5 presents the values of the thermal condtycestimated with the standard method
and table 4 presents the values obtained withhitee tmethods.

Table 4: Estimated values of the parameters fronMSOL numerical experiments with
samples dimensions of 1%0150x 30 mnY andd = 5 mm.

Quartzel | Silcal 1100LUX 500| Norfoam
testimation s 150 500 400 200
A W m' K*|Undefined 0.116 0.219 0.74
MO (Standard) (/15 _ Asref)/)“ % R 33 0.9 1.2
A W m'K*| 0.0306 0.120 0.220|  0.75(
M1 PsCs kIm®K*|  25.0 256 780 704
(,15 _ ﬂsref)/ﬂ % -12.5 0 0 0
A W m* K" 0.0362 0.120 0.220|  0.75(
M2 PsCs kIm®K*| 207 254 779 708
(/15 _ Asref)//l % 3.4 0 0 0
reference valuds_ 27ef W m*K?* 0.035 0.12 0.22 0.75
T (psCo)res | KIMPKT| 204 250 770 700
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Figure 5: Values of the thermal conductivity estietawith the standard method for the four
materials,with samples dimensions of 15150 x 30 mni andd = 5 mm.

One can notice that the quadrupolar model leadhdosame values with= 30 mm and
d =5mm on one hand and with =50 mm andd = 15mm on the other hand. The
standard method leads to satisfying results (dess than 3%) if the thermal conductivity is

estimated at the timewhere the slope of the cure= f [T;((ztt))] changes, corresponding to
t
T;f(—(ztt))z 1.3. Nevertheless, this method cannot be used to asim precise value of the
t

thermal conductivity of low density materials ahe slope change may appear less clearly on
a noisy signal. It is remarkable that the model Elzables the estimation of thermal
conductivity of all the materials: the deviation fguartzel (density of 26 kg fis only 3.4%
when it is 12.5% with model M1 that does not taki® iaccount the thermal capacity of the
thermocouple. For all the other materials, modelsavid M2 lead to the same estimations.

4. Materials and method

An experimental study has been carried out to continese theoretical results. Two materials
have been tested:

- A low density material: polystyrene with a dengity= 15 kg m~3 to validate model
M2

- A high temperature insulating material : Silcal @1@ith lower dimensions than
recommended by the standard
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The dimensions of the samples of extruded polysg/mnegere 200« 100 x 80 mn? and the
measurements have been realized at a mean tenpecht@5°C. Three experiments have
been carried out.

The thermal properties of the extruded polystyramethe following:

- Specific heatc = 1233 J kg1 K~1 at 25°C, measured by a Setanad$sc3
calorimeter

- Thermal conductivity? = 0.324 Wm~1 K~ at 25°C, measured by a NETZCH
HFM 436.

The thermal conductivity of Silcal 1100 at varidamperatures has been measured by several
laboratories which have established the followielgtion valid between 300 and 1100K [20]:

Arer = 0.06797 + 3.699 X 107°T + 6.202 x 108 T2 —8.502 x 10712 T3 (26)
WhereT is the temperature in K

The dimensions of the samples of Silcal were 5060 x 30 mn? and the measurements
have been realized at 200°C, 400°C, 600°C, 800UC1800°C. Three experiments have been
carried out for each temperature.

Figure 6 presents a schematic view of the expetiahesetup. The samples were inserted
between two stainless steel 316L plates with theesaross section and with a 10 mm
thickness. They ensure a uniform temperature onutiteeated face of the samples. These
plates also provide a thermal inertia that minirsizee temperature variations in the samples.

Stainless steel plate

Sample
L
Sample
! v i
T (t) 7 Sheath thermocouple K
y
I / Stainless steel plate

7 p

(V)
—/
u

™~ 7

Figure 6: Schematic diagram of the experimentalget
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Moreover, the upper plate applies a pressure onsémeples that minimizes the thermal
contact resistances. For high temperature measuatentbe device was placed in an oven
Vectar equipped with a temperature controller Watl&Z-Zone ensuring a very good
temperature stability inside the oven (£1°C).

The temperature risg (t) is measured with a type K sheath thermocouple waithouter
diameter of 0.5 mm, inserted in a groove with aisac 0.5x 0.5 mnf realized on the half-
length of the sample in order to measure the teatper at the center. The temperature is
recorded with 0.1 s time step by a data loggerolBgc TC08. The standard deviation of the
temperature measuremdn(t) is 0.01°C before heating.

The heating wire made of Nickel-Chrome 80/20 hdgaeter of 0.5 mm and it is inserted in
a groove with a 0.5 0.5 mnf section. The groove with the same length as thepkais
realized in the middle of one face of the samplee @istance between the heating wire and
the thermocouple id =~ 10 mm for the polystyrene foam anti= 5 mm for Silcal 1100.
Two wires have been point-welded on the heating wiith a distancé = 203 mm for the
polystyrene foam antd = 153 mm for Silcal 1100 between the two weldings. Theseesvi
are connected to a voltmeter Almemo 2890-9 to nreathe electrical voltagd between the
two points. A stabilized power supply Tektronix PRI85 produces an electrical current with

a constant intensitypassing through the wire. These measurementseettablcalculation of
the electrical resistance per meter of the heating by:% = %

The distancel has been measured with a microscope as shownghyefi7 presenting a
picture of the two grooves in one sample for thkeabil1l00 sample. Knowing that the
diameter of the heating wire and of the thermoceupl0.5 mm, the mean distance between

the two is:

_ (5.703-0.5)+(4.131+0.5)
- 2

d =492 mm

(5.703-0.5)—(4.131+0.5)

The relative uncertainty od is: 53 = 6%

Figure 7: Picture of the grooves on the sample
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The same measurement has been realized for thetyrelye sample leading tb= 9.98 mm
with a 5% uncertainty.

Error estimation

First, the errors caused by the uncertainty orfkhewn” parameters have been investigated,;
these parameters atg,, p,,c,,, 1, andd.

Relation (21) valid for “long times” may be writtes:

r = -5 (%) () &) @)

From this relation, one can deduce that:

- A 1% error on the length or on the heat flow ratg,, leads to a 1% error ofy.
- The estimated value df is insensitive to the values @f p,,c,, andr,,.

- A 1% error ord leads to a 2% error on the thermal diffusivity

- The estimated value af; is quite insensitive to the valuesigfp,,, p,,c,, andr,,.

The measurement uncertainty are estimated at 0.9mim0.6% onU and 0.3% or.

Sinceg,, = % the resulting uncertainty oty is thus6.6 + 0.3 +% X 100% = 1.2% for

Silcal and6.6 + 0.3 + % X 100% = 1.1% for polystyrene.
The uncertainty on the estimated valuexrpfs mainly due to the uncertainty dn With an

uncertainty of 5% and 6% ahfor respectively polystyrene and Silcal, the cspanding
uncertainties o, are 10% and 12%.

These uncertainties must be added to the errorgdadtiee model reported in Table 3 and in
Table 4, and depending on the thermal properti¢seomaterial.

The method of the parallel hot wire is thus pattdy well suited to the thermal conductivity
measurement. On the contrary, this method onlysgare approximate value of the thermal
diffusivity since it is practically quite difficulto obtain a precise value df

5. Resaults and discussion
Extruded polystyrene

Table 5 presents the estimated values of the tHewnductivityA, and of the volume heat
capacityp,c, obtained for the three measurements. As predinetie theoretical study:

- The model M2 leads to the best estimation0f+3.4%) since the model M1 leads to
underestimate the thermal conductivity (-7.7%).

- The model M2 also leads to a better estimatiop,f (+10%)than the model M1 (+32%),
both models overestimagec,.
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Table 5: Thermal conductivity, (W m™* K™) and volume heat capacityc, (J m™3 K1) of
extruded polystyrene estimated between 0 and 3083°& with the different models

A (W mt K™ 107* X pscs Jm™3 K1)
MO M1 M2 Reference M1 | M2 | Reference
1 0.018 < 1 < 0.029 | 0.0293| 0.0335 2.441 2.02
2 0.018 < 1< 0.029 | 0.0291| 0.0328 2.43| 2.06
0.0324 1.85
3 0.018 < 1 < 0.028 | 0.0290/| 0.0326 2.45] 2.07
Mean| 0.018 < 1 < 0.028 | 0.0291| 0.0330 2.44| 2.05

Figure 8 presents the thermal conductivity estichatgh the standard method (model MO) as
a function of the time. The graph is quite simtafigure 5a) with a great variation of the
estimated value of; for the different measurement times. Figure 9a¥y@nts the
experimental curve and the simulated curve obtamiddthe M2 model and figure 9b)
presents the estimation residues obtained with treddé and M2. The estimation residuals
(x10) are also plotted for each case.

0.025

0.02

Thermal conductivity (W m-1 K-1)

TEYT()

Figure 8: Estimated values of the thermal condufgtivy the standard method for extruded
polystyrene

T(°C)
T(°C)

|
| |
0 200 250 300 350
t(s)

ol -

50 100 1

Figure 9: Experimental {-) and simulated-€) curves with estimation residues (x10): a)
model M2; b) model M1

The residues obtained with the model M2 are lolwantthose obtained with the model M1.
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Silcal 1100

Figure 10 represents the values of the thermal wdivity estimated with the standard
method for experiments realized at 200°C and 100@7Cone hand as a function of time

(figures 10a) and 10c)) and on the other hand fameion of the ratioT;%) (figures 10b)
t

and10d)).

The curves in figures 10a) and 10b) show that trezbntal step portion of the curve may be
very short and sometimes even nonexistent. In thases, the estimation with the standard
method cannot be very accurate.

The curves in figures 10c) and 10d) show that thatter to use the curve representing the

function 2, = £(¢) rather thani, = f [£22
t

calculated by the standard method. The horizonégd portion appears more clearly on the
curvel, = f(t) enabling a better estimation of the validity liraftthe semi-infinite medium
M] requires
T (t)

the knowing of the value of the raty}Té(%) corresponding to the limit of validity of the semi
t

] to plot the values of the thermal conductivity

hypothesis and thus of the thermal conductivitye Tise of the curvé; = f[

infinite medium hypothesis. For our experimentahfgguration, this value is close to 1.3
since the theoretical study predicted a value betwie4 and 1.6 (cf. figure 4).

Silcal 1100 T = 200°C Silcal 1100 T = 200°C

0.11 0.1

0.105|

o
Q
®
o

0.1

0.095|

ooo--—--------- 10a " -

0085 — —ff — = -~k e e e e

Thermal conductivity (W m-1 K-1)
Thermal conductivity (W m-1 K-1,

| | | |

| | | |

1 1 1 1 1 1 1 1
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Silcal 1100 T = 1000°C

Thermal conductivity (W m-1 K-1)
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-
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Figure 10: Estimated values of the thermal condiigtiby the standard method

The curve corresponding to a temperature of 60@°f@yure 11a) has been obtained by using
the temperatures at timesnd2t to calculate the thermal conductivity. It indicatiat the
semi-infinite medium hypothesis remains valid udflOs (end of the horizontal part of the
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curve fort = 200s corresponding t@t = 400s). Figure 11b) represents the estimation
residues obtained using the quadrupolar model M1he same experiment. The curve also
shows that the semi-infinite medium hypothesisaldvuntil 400s.

Silcal 1100 T = 600°C Silcal 1100 T =600°C

20— — - -

[ e

10 — — 7~ —
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O ¥
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| | |
| | |

| |
| |
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Figure 11: a) Estimated values of the thermal cartidity with the standard method; b)
Experimental {-) and simulated-f) curves (quadrupolar model) with estimation regslu
(x10).

Figure 12 presents two examples of experimental amdilated curves obtained with the
guadrupolar model M1 for the two extremes tempeegt@00°C and 1000°C. The residues
are flat and centered on the null value on themedion interval, thus the hypotheses of the
model are validated. Especially the samples catohsidered as optically thick.

Silcal 1100 T =200°C Silcal 1100 T = 1000°C

T(°C)

| |

| |
| | |
| | |
|
| | | | |
| . | | |
, Residues x 10 | | | | |
L 1 1 1 1 L 1 i 1 1 1 1 L 1
0 300 400 500 600 700 800 900 1000 JO 100 200 300 400 500 600 700
t(s) t(s)

Figure 12: Experimental-{) and simulated-) temperature + estimation residue$0 (at
200°C and 1000°C) using model M1 with estimatior300 s.

Table 6 presents the estimation results for thexf@emments realized for each of the 5
temperatures varying between 200°C and 1000°C.vahes estimated with the quadrupolar
model M1 are in very good agreement (deviation lothkean 2%) with the references values
presented by Ebert and Hamberger [20] as showngyef 13. The deviations between the
values calculated by the standard method and tfezereee values are higher (but still
acceptable: lower than 5%). The values calculatethé standard method are always slightly
lower than those calculated by the quadrupolar nasleredicted by the theoretical study.
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Thermal conductivity of Silcal 1100

0.22 T I T 1
y = 4.114E-08x? + 7.803E-05x + 8.122E-02
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Figure 13: Thermal conductivity of Silcal 1100:iesdted values by the parallel hot wire and
values published by par Ebert and Hamberger [20].

Table 6: Estimated values of the parameters fahalkexperiments

Ebert et
Quadrupole Standard Hamberget
105 x As=Asyer As=Asyor

T AS pscs RC Asref /15 Asref ASref

°ClWm'K? [ Jkg'K*[Km?*W?'| % [wm'K? % | Wm'K?
1 0.100 2162 6.06 0.0950
2 0.0985 | 2202 4.94 0.0950

3129050087 | 2200 4.97 063 50035 | 41 | 0098
Mean 0.0991 | 2188 5.32 0.0945
1 0.117 2359 3.54 0.114
2 0.118 2344 3.48 0.114

34900118 2321 374 | 0% o11a | 38| 0118
Mean 0.118 2341 3.59 0.114
1 0.144 2370 3.02 0.139
2 0.142 2437 2.97 0.14

31990122 2400 2.55 0.70 0.14 L7 01419
Mean 0.143 2402 2.85 0.140
1 0.1724 | 2362 2.72 0.165
2 0.170 2409 1.17 0.166

3 800 0.171 2303 3.99 1.56 0.165 1.9 | 0.1686
Mean 0.171 2358 2.63 0.165
1 0.200 2418 3.82 0.193
2 110009199 2391 2.46 0.193

3 0.200 2404 1.19 - 0.195 - -

Mean 0.200 2404 2.49 0.194
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The uncertainty od is 6% thus the uncertainty on the values of tHeame heat capacityc
estimated by the parallel hot wire method (cf. €ab) is 12%. The density estimated by
weighing and measurement of the dimensions ofahptes is 245 kg th Ohmura et al [23]
measured the specific heat) kg* K™) of the calcium silicate by drop calorimetry amey
proposed the following relation valid between 10@t@ 1000°C:

¢ =439 4 82.9 x In(T + 273.15) (28)
WhereT is the temperature (°C)

Figure 14 represents the values of the volume lvepiacity p;c, estimated for each
temperature:

- From parallel hot wire measurements
- using measurements of the density and relatiBhf( the specific heat calculation.

The maximum deviation between the values obtainethé two methods is 6 % that is quite
satisfying considering the uncertainty on the valtié.

280000 10%
260000 - 9%
e o 8%

240000 — > oo

220000 * - 7%
F': 200000 X . - 6% ¢ ParallelHot Wire
k% 180000 = X [ 5% =—Ohmuraetal
<
3 160000 - 4% X Deviation (%)
< - 3%

)74

140000 X % o

120000 1%

100000 0%

100 300 500 700 900 1100
T(°C)

Figure 14: Values of the volume heat capacity estih by the parallel hot wire method and
given by Ohmura et al [23].

Conclusion

The estimation of the thermal conductivityrom a parallel hot wire experiment is mainly
realized using the method described in the stant&@8894-2. It is based on a simplified
model in which the hot wire and the thermocoupke rast taken into account. First, we have
Ej(u/2)

Ei) ] that simplifies the

proposed a polynomial expression of the functiftu) =f[

estimation process df Then, it has been shown that the estimatioh refalized for—TTt((ztt)) =
t

1.5 (corresponding to “long times”) is more accurdtart taking the mean of all the values

calculated fo% varying from 1.5 to 2.4, as recommended by thadsted. Nevertheless,
t

the thermal conductivity is always underestimaesgecially for the lower values.
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Then, the heat transfer in a parallel hot wire devhas been modeled using a new
guadrupolar model. The use of the model M2 to esinthe thermal conductivity and the
volume heat capacity presents the following ad\gega

It takes into account the hot wire, the thermoceuwid the thermal contact resistances
between the hot wire and the sample on one handeinwecken the thermocouple and
the sample on the other hand.

The estimation of the thermal conductivitys more precise than with the standard
ISO 8894-2.

It makes possible the estimation of lower valueghef thermal conductivity than
with the standard method.

The limit of validity of the semi-infinite mediumypothesis can be determined easily
by analyzing the curve of the residues.

It enables the estimation of an approximate vafu@volume heat capacipc.

It is also remarkable that the estimation of therrral conductivity does not depend on the
value of the radius of the heating wire and onuhkie of the distance between the heating
wire and the thermocouple; this is a key advantagewning that it is difficult to measure
them accurately.

Nevertheless, it only takes into account the cofidndeat transfer so that it is not suited to
the estimation of thermal conductivity of semi-sparent materials. For these materials and
especially at high temperature, a coupled radiatmmduction model should be used.
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Nomenclature

~ Ao 0O

Iy, 11, Ky, Kq

NSTHNIZID DT =

thermal diffusivity [nf s

time constant [s]

specific heat [J K§K™]

distance between the heating wire and the thevome [m]

exponential integral

electrical intensity [A]

modified Bessel function of the first and secéidl

length of the heating wire [m]

Laplace parameter b

thermal contact resistance between the heatirggamd the sample [K W
electrical resistanc&]

thermal contact resistance between the thernpdeand the sample [K W
radius [m]

temperature rise [K]

time [s]

electrical voltage [V]

thermal impedance

Greek symbols

SR NN

Subscripts

exp
w
mod
ref

S

t

Heat flow rate [W]

thermal conductivity [W m K™

density [kg 7]

Laplace transform of the temperature rise

Experiment
Heating wire
Model
Reference value
Sample
Thermocouple
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